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EXECUTIVE SUMMARY
The wristwatch size automatic physiological and environmental monitor (WAPEM) is a miniature instrument worn on the wrist, capable of measuring relative humidity (RH), ambient temperature (T a ), solar radiation (SR), and human activity in a small, waterresistant, durable enclosure. It is fitted with a 4-digit display that can be used to view each of these parameters by using selection buttons on the front face. When not in data mode, WAPEM serves as the wearer's primary timepiece. WAPEM can be programmed through a personal computer from a simple initialization of existing firmware to a complete rewrite of this firmware, because WAPEM is circuit reprogrammable. It is therefore possible to make changes to the WAPEM operational code and, in particular, the formulation of stress/strain algorithms used to make predictions based upon on-line measurements, or a history of humidity, temperature, SR, and human activity. The activity channel is designed to function for sleep scoring (ZCM), as well as monitoring daytime activity with the proportional channel (PIM). The proposed WAPEM is designed to provide the capability to quantify sleep loss and metabolic expenditures for the individual warfighter, and to enable personalized estimates of the effects of several key stressors on physical or mental performance in operational settings.
Three WAPEM prototypes, which included new Swiss sensors, two Kestrel 3000 pocket weather meters (Nielsen & Kellerman), and two psychrometers (Lambrecht), were tested to compare the environmental sensors (T a and RH), both in a climatic chamber and outdoors in Israel. The tests in the climatic chamber were conducted at 16 different exposures consisting of different combinations of T a (20º-40ºC) and RH (35%-70%). The outdoor evaluation was established in ten different locations in Israel, near the Israeli Meteorological Service stations (Jehuda Desert, Negev Desert, Eilat area, Dead Sea, Jerusalem, and Tel-Aviv). These sites differed in latitude and climatic conditions. This study was conducted during January 2004. Data analysis included comparisons between measurements by the new Swiss sensors and all the other sensors (Kestrel meters and psychrometers) and IMS data. Environmental stress indices, wet bulb globe temperature (WBGT) and environmental stress index (ESI), were calculated and compared with data collected by the different devices.
It was concluded from this study that the measurements of the new Swiss environmental micro-sensors in the WAPEM prototypes highly correlate with measurements from sensors used in the climatic chamber or by the Israeli Meteorological Service (IMS) in outdoor environments. However, at high ambient temperatures (>35ºC), significant differences were found between the chamber measurements and the WAPEM measurements. Therefore, further evaluation is needed for these Swiss microsensors at T a >35ºC before these microsensors are positioned and embedded permanently in WAPEM.
INTRODUCTION
The evolution of strategies to manage heat injury risk in military settings has focused on the idea that if the prevailing heat stress can be adequately quantified, then appropriate counter measures can be implemented to optimize Soldiers' performance and minimize the risk of heat injury. Although physiological heat strain and the potential for heat injury are determined, to a great extent, by air temperature, humidity, solar radiation and wind speed, the Soldier's clothing characteristics, heat acclimatization status, and activity level also play a significant role. As the U.S. Army's warfighting doctrine evolves in the direction of lightened forces, increasing tactical mobility, and an emphasis on protective posture scenarios, the need to account for these complex interactions has increased. At the small unit level, where soldiers may be conducting their mission tasks in a hot shelter space, a crew compartment, or an outdoor environment, the capability to provide realtime tailored guidance requires the integration of reliable sensors and predictive model technologies in an ultra lightweight, friendly-touse, wristwatch size automatic physiological and environmental monitor (WAPEM).
Existing military heat stress monitoring systems are based largely on the Wet Bulb Globe Temperature (WBGT). This system provides the user with a single temperature, or index, which can be used for looking up tables of recommended work/ rest cycle limits and hourly drinking water requirements that constitute current heat injury prevention doctrine (1, 2) . The low cost mechanical device widely available to Army users is the Stortz WBGT Kit (NSN 6665-00-159-2218). The U.S. Navy has a more sophisticated electronic WBGT meter (NSN 6685-01-055-5298), intended primarily for use aboard ship. The inherent limitations of the WBGT in terms of applicability across a broad range of potential military scenarios and environments have been reported (3, 4, 5, 6, 11) . These limitations can be attributed, in part, to early constraints on sensor and computational complexity (12) , but a more fundamental limitation is the conceptual basis itself: WBGT is exclusively environmental and does not directly evaluate strain potential in the context of clothing and metabolic factors.
Mathematical models of human heat strain allow full consideration of the complex interactions of environment, clothing, acclimatization status, and metabolic heat production that ultimately determine soldier performance limits in a given scenario, although some predictive models are computationally very intensive. In early 1990, USARIEM proposed the consideration of a heat stress monitoring device that would integrate an environmental sensor suite with the calculator's heat strain prediction model software. This approach takes advantage of advances in sensor, display, and microprocessor technologies to enable direct read-out of work/rest cycle limits and hourly water requirements based on specified clothing and work rate scenarios. In a previous study (9) , the three environmental sensors (air temperature, relative humidity, and global radiation (GR)) were evaluated in indoor and outdoor environments. It was found that GR, which was measured by Infra-red (IR) light sensor (Centro Vision, Model CD-1705), was reliable and accurate, but the T a and RH sensors were needed to be replaced with more accurate sensors. The IR light sensor is located on the top panel of the WAPEM and has a peak sensitivity of 800-920 nm. The accuracy of this IR sensor was ±5%, and the effects of temperature were negligible. The WAPEM IR light sensor circuitry provides a transconductance amplifier function. The purpose of this study was to evaluate and determine the accuracy of newly installed T a and RH Swiss sensors in WAPEM across a broad range of controlled environmental conditions and under outdoor climatic conditions. The results and the conclusions from this study are important and critical for the future feasibility of the WAPEM concept and project.
METHODS
Three WAPEM prototypes, with newly installed T a and RH Swiss microsensors (Sensirion, Switzerland), were used for sensor evaluation in two separate indoor and outdoor studies. Measurements were taken by the three WAPEMs (Precision Control Design, USA), two Kestrel 3000 pocket weather meters (Nielsen and Kellerman, USA), and two psychrometers (Lambrecht, Germany). The measurements obtained by the different devices were used to calculate environmental stress indices (WBGT and ESI).
INDOOR STUDY
For the indoor study, measurements were established in a climatically controlled test chamber at the Heller Institute of Medical Research, Israel. A test conditions matrix of the 16 different environments is shown in Table 1 . This matrix supported both the sensor tests and software evaluations. WAPEM measurements at the 16 different test environments were taken by three prototypes to allow a statistical evaluation of sensors. The prototype WAPEM outputs (diagnostics screen) for T a and RH were also compared with values measured using calibrated laboratory grade sensors, having an overall accuracy specification of ±0.2ºC and repeatability of ±0.5ºC for T a , and ±1% for relative humidity.
OUTDOOR STUDY
The outdoor evaluation of the T a and RH sensors was established in ten different locations in Israel with various latitudes and climate conditions, located in Jehuda Desert, Negev Desert, Eilat area, Dead Sea, Jerusalem, and Tel-Aviv. All the sites are official stations of the Israel Meteorological Service (IMS), which made their recording data available for our study. In general, data collection was measured and recorded each day at the different locations, between 09:00 and 17:00 at 10 min intervals. The same sensors were used in this study as for the indoor study. However, black globe temperature (T g ), wind velocity (V a ), and GR were also measured in the outdoor study.
Technical testing requirements are formally defined in the Test and Evaluation Master Plan (TEMP) for the WAPEM (memo, 2000). This protocol and subsequent USARIEM efforts focused on test requirement issues that relate directly to sensor accuracy and reliability of WAPEM. Sensor specifications, the performance requirements for the climatic sensors, are shown in Table 2 . Relative Humidity Capacitive ± 5% RH 0 -100% RH
SENSOR SPECIFICATIONS

WAPEM Sensors
The microsensors (SHT75, Sensirion, Switzerland) that were assembled in 5 WAPEMs were constructed on one unit and defined as high-precision relative humidity and temperature sensors for demanding applications. The sensors came in high-quality pin-type packaging (for 1.27 mm sockets). Owing full calibration and digital 2-wire output (CMOSens® technology), the SHT75 is fully interchangeable. In this way, it is possible to spare the elaborate and cost-intensive recalibration in the event of a humidity sensor replacement.
The sensor head is connected to the pins by a small bridge to minimize heat conduction and response time. All pins are gold plated to avoid corrosion, even under the harshest operating conditions. According to the manufacturer, this single chip sensor module, is fully calibrated with digital 2-wire output. The measured range for RH is 0%-100% and for T a is -40º to 120ºC. The sensor is fully interchangeable without recalibration, and accuracy for RH is +2% and for T g +0.4ºC at T a of 5º-40ºC. The response time for measurements should be <3 sec. All of these specifications are within the performance requirements listed in Table 2 .
Israel Meteorological Service (IMS) Sensors
The Israel Meteorological Service (IMS) collected weather measurements for the ten locations using their own equipment. The T a and wet bulb temperature (T wb ) were measured with Campbell thermometers (Model HMP45C), and the relative humidity (RH) was measured with a Rotronic instrument (Model MP 100A). The three instruments were placed under a shelter (Stevenson screen). Under open sky, T g was measured using the Vernon black globe thermometer and solar radiation (SR) was measured using the EPLAB radiometer (sensitivity of 285 to 2800 nm)
CALCULATIONS
All measurements and calculations were done in ºC. The wet bulb globe temperature (WBGT) index was calculated according to Yaglou and Minard (12) , as follows:
The environmental stress index (ESI) was calculated according to Moran et al. (8) , as follows:
STATISTICAL ANALYSIS
Statistical analysis including two tail, paired T-test and Pearson correlation factor (R) was done. The T-test was used to find significant differences between readings from pairs of instruments (WAPEM vs. IMS, Kestrel, or psychrometer). Pearson correlation factor (R) was calculated to analyze the correlation between the instruments. All statistical contrasts were accepted at the P<0.05 level of significance.
RESULTS
INDOOR STUDY Ambient Temperature Sensor
In general, the WAPEM's measurements for T a at the different ambient temperatures (20º, 25º, 30º, 35º, and 40ºC) revealed no significant differences between the three T a sensors installed in WAPEM at each of these exposures. Analysis of the T a measurements in comparison to the chamber sensors, Kestrels, and the psychrometers are depicted in Figures 1-8 . Pooled data from each type of sensor, measured at the same T a but for different humidity conditions, are presented in Table 3 . A more detailed presentation of measured data from each device is presented in Appendix A. Collectively, at temperatures <35ºC, the WAPEM's performances were within the accuracy defined as +0.5ºC. However, at climatic conditions of 40ºC, T a measurements were significantly lower (P<0.05) by an average of 2.5ºC for the WAPEM sensors and by an average of 1.3ºC for the Kestrel. For the WAPEM, part of these significant differences were because of the extended time needed for these Swiss T a sensors to reach equilibrium with the chamber environment. Analysis of the time response to reach equilibrium for the T a sensors at <35ºC revealed that in a few exposures, the T a sensors measured actual values only after 30 min [e.g., at 30ºC (Fig. 4 bottom) ], 50 min [e.g., at 25ºC (Fig. 3 bottom) ], and 60 min [e.g., at 25ºC (Fig. 4 top) ]. At these exposures, the deviations were less than 1ºC from actual measurements. Analysis of the time response for equilibrium at 40ºC depicted that the sensors reached the required equilibrium temperature within 100 min (Fig. 8 top) .
Relative Humidity
In all of the 16 tested exposures, measurements from the same three RH Swiss sensors were not significantly different from each other, as depicted in Table 4 and Figs. 1-8. In general, RH measurements by WAPEM were highly correlated to the chamber sensor. Analysis of the comparison between RH chamber and RH WAPEM showed no significant differences in all of the exposures, apart from the exposure of 35ºC and 50%, when RH WAPEM was lower by 8% from RH chamber (Fig. 7, top panel) . Generally, slightly lower stable values (less than 6%) were observed in the different exposures (Table 4) . However, analysis of the response time for the sensors to reach equilibrium revealed that at 25ºC and 30% RH, the sensors reached equilibrium only after 40 min, (Fig. 4 top) and at 40ºC 40%, only after 100 min (Fig. 8 bottom) . Thus, significant differences (P<0.05) between RH WAPEM and RH chamber were found during these periods for three exposures before RH WAPEM measurements were stabilized. It is well noted that RH Kestrel was better correlated with RH chamber . On the other hand, correlation between RH p and RH chamber was low for a few exposures. The latter is probably due to the fact that the psychrometer measures T wb rather than RH, which is later calculated from T wb . 
OUTDOOR STUDY
Data collection was obtained for 10 days from ten different sites located mainly in the southern part of Israel (Negev Desert, Jehuda Desert, Dead Sea, and Eilat), and from the central region of Israel (Tel-Aviv and Jerusalem) from 09:00 till 16:00 at 10 min intervals. Mean±SD and a range of the environmental variables for the different sites measured by the IMS are presented in Table 5 . Figs. 9-12 present the T a and RH measurements from the three different types of sensors and from the IMS measurements. In general, very high correlation was found between the three Swiss sensors (R>0.985), with no significant differences between them (Tables 6-7) . The Swiss sensors, the Kestrels, and the psychrometers highly correlated for T a (Table 6 ). However, for RH the Swiss sensors and Kestrels highly correlated, but the psychrometer and WAPEM or Kestrel in two sites did not correlate ( Fig. 9 top and Fig. 10 top) (Table 7) . At these four sites, the Swiss sensors followed the same pattern as the Kestrel and the IMS for T a and RH. The T a values were significantly higher (P<0.05) in Hatezeva and Yotveta than all the other sensors by 0.5º-1.0ºC (Fig. 9 bottom, and Fig. 10 bottom) . No significant differences were found for T a in Eilat or TelAviv. (Figs. 11-12 bottom panels) . No significant differences were found in RH between WAPEM and Kestrel or IMS for all the four sites (Figs. 9-12, top panels) .
Figs. 13-14 depict the comparisons between WBGT and ESI calculated by T a and RH, which were measured by WAPEM (S 1 ), Kestrel (K 1 ), and IMS in the four locations (Hatzeva, Yotveta, Eilat, and Tel Aviv), which had the lowest correlations between ESI obtained from pooled data measured by WAPEM and WBGT obtained from pooled data measured by IMS (Table 8) . We further analyzed data from these four locations for the interrelationships between the two indices (WBGT and ESI), calculated from the different sensors (Table 9 ). Collectively, all of the six modifications of calculated WBGT and ESI fall in a range of +1.5ºC (Figs. 13-14) . In all of these four locations, the measurements by the WAPEM revealed very high correlations between WBGT and ESI. Analysis of the calculated heat stress indices revealed that ESI S1 , ESI S2 , or ESI S3 , and WBGT S1 , WBGT S2 , or WBGT S3 highly correlated and presented similar dynamics and patterns.
Figs. 15-17 present data (T a and RH) and the calculated ESI and WBGT from six different locations. WBGT was calculated from data measured by IMS (T a , T g , and T wb ), whereas ESI was calculated from the Swiss sensors and pyranometer (for SR). In these figures, ESI was slightly higher than WBGT by 0.2º-0.5ºC; however, very high correlations were found between these two indices. The highest measured ambient temperature was recorded in Eilat (22.8ºC), with a very high correlation (R=0.999) found between ESI and WBGT (Fig. 16 bottom) . 
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DISCUSSION
In this study, we evaluated the newly installed T a and RH Swiss sensors in the WAPEM. The purpose was to assess the validity of these sensors to measure accurate T a and RH in indoor and outdoor environments. The sensors were assembled in five WAPEM prototypes but, unfortunately, data could be measured only from three devices. The indoor study consisted of 13 tests at different combinations of T a and RH in a climatic chamber, and the outdoor study was executed at 10 different locations in Israel.
Analysis of the performance of the three T a, WAPEM from the indoor study in the chamber exposures revealed no significant differences between these three sensors and between values measured by the T a, chamber at the 20.0º-35.0ºC exposures. However, at the 40ºC exposures, T a, WAPEM measurements differed significantly from T a, chamber , and were found to underestimate values measured in the climatic chamber by 2.5º-3.5ºC (P<0.05). The magnitude of this error is beyond the testing requirement of 0.5ºC, as specified in Table 2 . Assuming that the differences were due to the needed time to reach equilibrium by the WAPEM's sensors, we repeated and extended the 40ºC-40% RH tests from 60 min to 140 min and started this second exposure only after the 3 WAPEMs were placed in the chamber for 60 min at 35ºC. Despite this change, significantly lower differences of 1.0º-2.0ºC were found between T a, WAPEM and T a, chamber measurements (P<0.05). Therefore, it was concluded that further evaluation is needed for T a, WAPEM at >35ºC.
Analysis of the measurements from the indoor study of the RH WAPEM from the 3 units tested showed, in general, no significant difference between these 3 sensors and between values measured by the RH chamber . Collectively, slightly lower stable values (less than 5%) were observed during the different exposures, which are within the defined testing requirements. However, in a few exposures, RH WAPEM reached equilibrium only after 40 min and 100 min (25ºC-70%RH and 40ºC-40% RH, respectively). Thus, the RH WAPEM response time and the time for reaching stability should be further evaluated.
For the outdoor study, data collection was obtained for 10 days from different sites during January. Overall, the two types of sensors (T a, WAPEM and RH WAPEM ) were found reliable, with no significant differences between the values measured for each type during the different exposures. A higher correlation was found between T a, WAPEM and T a, Kestrel 0.984 and R>0.911 for T a and RH, respectively, when comparing the WAPEM sensors and the other sensors used in this study. However, high correlation (R>0.852 and R>0.833 for T a and RH, respectively) was also found between WAPEM and IMS measurements.
The range of the measured meteorological variables at the different locations were categorized as comfort climate conditions. Therefore, the obtained stress indices, WBGT and ESI, which were constructed for heat stress evaluation, were limited in their assessment of the measured values. Thus, there is a need to further evaluate T a, WAPEM and RH WAPEM and the obtained ESI and WBGT at warmer climates and under severe environmental stress. However, there is no doubt that the performance of the T a and the RH sensors tested in this study should be considered as an immense improvement in comparison to the previous sensors installed in WAPEM and tested in 2001 (9) .
The WAPEM has been designed to measure T a , RH, and SR, and to calculate the ESI from these measurements. The ESI differs from other indices that have been suggested in the past in two critical ways: (1) This stress index, for the first time in history, uses direct measurements of SR and RH. When used in ESI, direct measurements of SR and RH are not as cumbersome as measuring T g and T wb for calculating the WBGT; (2) The three meteorological variables used in ESI should be characterized by fast-reading responses that take only a few seconds to reach equilibrium. For an index to be valid and practical, it should allow the comparison and evaluation of a combination of different meteorological parameters, as far as their influence on the individual is concerned. The index also helps to find different combinations of these parameters that cause equal subjective heat sensations. Moreover, the index must enable one to assess the different weights of each of the meteorological parameters on the individual (8).
Technical issues, which dominated system design decisions, included sensor requirements, unit size and weight, battery power requirements, protection, durability, user friendliness, and cost. Therefore, we decided on the construction of a wristwatch design that, apart from serving as a watch, has the capability to measure climatic variables (T a , RH, and SR) and sleep scoring. A key element in the WAPEM design is the incorporation of a SR sensor to meet input requirements for the USARIEM heat strain model. In a previous study (7) , GR was measured by the IR light sensor at 6 locations that differ in their height from sea level. In general, the range of the measurements for each day was wide. In analyzing the data from the 3 tested IR light sensors and the pyranometer, there were no significant differences (P<0.05) between these 3 sensors, which strengthens the reliability and validity of the IR light sensor to measure GR. Thus, the importance and the additional contribution of this study is in testing the feasibility of accurately measuring T a and RH by WAPEM in order to calculate ESI. Thus, the high correlations found between ESI obtained from WAPEM and WBGT obtained from IMS serve as an encouragement to proceed with the WAPEM project, despite the limits that were found in some exposures.
In conclusion, further tests are required for the new WAPEM sensors in order to evaluate their accuracy above 35ºC, and the response time before reaching equilibrium. These tests should execute successfully on WAPEM prototypes assembled with the sensors (T a and RH) actual location, including the SR sensor.
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